Female reproduction requires the precise temporal organization between estradiol and the master circadian clock located in the anterior hypothalamus. The phasic estradiol release functions to activate the phasic GnRH release mode that leads to a preovulatory surge of LH and thus ovulation. The central biological clock, in the SCN, might play a role in the activation of the GnRH network, probably through VIP acting on the intrinsic clock-controlled genes expressed in the GnRH neurons. The mechanism of this structure and function relationship is initiated by the release of estradiol from the ovaries. Then, estradiol acts on the SCN which causes VIPergic neurons in the SCN to project monosynaptically to the VIP receptor (VPAC 2 ) that is located on GnRH neurons. Consequently, GnRH is released into the hypophyseal portal system which stimulates the LH surge. The importance of maintaining a light-dark cycle is critical for the proper functioning of the SCN. In a constant light and estradiol environment, two LH surges will occur in a 24 hour period, each surge in antiphase oscillation between the bilateral SCN. Thus, the importance of the SCN in stimulating the LH surge through the release of GnRH via estradiol and VIP is critical in the female reproductive system. ROB VAN DEN HURK, 6 and RUUD M. BUIJS 5 1 Depa r t m en t of H u m a n a n d An im a l P h ysiology, Agr icu lt u r a l Un iver sit y, 6709 P J Wa gen in gen , Th e Net h er la n ds 2 Depa r t m en t of Cell Biology, Ut r ech t Un iver sit y, 3584 CX Ut r ech t , Th e Net h er la n ds 3 Ru dolf Ma gn u s In st it u t e for Neu r oscien ces, Depa r t m en t of Medica l P h a r m a cology, Ut r ech t Un iver sit y, 3584 CG Ut r ech t , Th e Net h er la n ds 4 Depa r t m en t of Obst et r ics a n d Gyn ecology, Ya le Un iver sit y, New H a ven , Con n ect icu t 06520
Inde x ing te rms: fe male rat; circadian re gulation; e strous cycle ; synapse Gon a dot r opin -r elea sin g h or m on e (Gn RH ), t h e r elea sin g h or m on e for t h e pit u it a r y gon a dot r opin -lu t ein izin g h orm on e (LH ) a n d follicle-st im u la t in g h or m on e, is secr et ed in a pu lsa t ile wa y in t o t h e por t a l va scu la t u r e a t t h e level of t h e m edia n em in en ce. It is well est a blish ed t h a t , in r oden t s, on ly fem a les posses a n eu r ogen ic m ech a n ism t h a t t r igger s t h e Gn RH n eu r on a l syst em a n d t h er eby in du ces t h e ovu la t or y su r ge of LH on t h e a ft er n oon of pr oest r u s (F in k et a l., 1991). Th e su pr a ch ia sm a t ic n u cleu s (SCN) con st it u t es a n essen t ia l com pon en t for n or m a l con t r ol of pr eovu la t or y LH secr et ion in r oden t s. Th e SCN is t h e m a jor com pon en t of t h e biologica l clock r espon sible for t h e gen er a t ion of r h yt h m s a n d t h e en t r a in m en t of t h ose r h yt h m s t o t h e en vir on m en t a l ligh t -da r k cycle. Dest r u ct ion of t h e SCN blocks t h e pr eovu la t or y LH su r ge a n d in du ces per sist en t est r u s in in t a ct fem a le r a t s (Br ownGr a n t a n d Ra ism a n , 1977). E ven t h ou gh t h e LH su r ge occu r s on ly on ce ever y 4-5 da ys in in t a ct fem a les, t h er e is st r on g eviden ce t h a t t h e a ct u a l n eu r a l sign a l is gen er a t ed da ily. F or in st a n ce, t r ea t m en t of ova r iect om ized (OVX) fem a le r a t s wit h est r ogen (E ) r esu lt s in a da ily pr oest r ou slike su r ge of LH (Lega n a n d Ka r sch , 1975), wh ich is elim in a t ed by com plet e lesion s of t h e SCN (Ka wa ka m i et a l., 1980; Ma et a l., 1990).
Th e a n a t om ica l su bst r a t e for t h e cir ca dia n r egu la t ion of t h e est r ou s cycle in t h e fem a le is n ot kn own . Ba sed on t h e lit er a t u r e sh owin g cir ca dia n a n d 24-h ou r r h yt h m s in m ost SCN t r a n sm it t er s (Alber s et a l., 1992; In ou ye et a l., 1993), it h a s been h ypot h esized t h a t t h e SCN t r a n sm it s r h yt h m ic in for m a t ion t o t a r get n eu r on s by m ea n s of t im ed r elea se of t r a n sm it t er s fr om it s effer en t pr oject ion s (Ka lsbeek a n d Bu ijs, 1992). E ffer en t pr oject ion s of t h e SCN h a ve been descr ibed by u sin g n eu r on a l t r a n spor t of t r it iu m -la belled a m in o a cids (Ber k a n d F in kelst ein , 1981; Swa n son a n d Cowa n , 1975) a n d of t h e a n t er ogr a de t r a cer Ph aseolu s vu lgaris-leu coa gglu t in in (P h a L; Bu ijs et a l., 1993; Wa t t s et a l., 1987). Th e SCN pr oject s t o t h e r ost r a l for ebr a in , a n d bot h va soa ct ive in t est in a l polypept ide (VIP ), syn t h esized in cell bodies in t h e ven t r ola t er a l pa r t of t h e SCN (Ca r d et a l., 1981), a n d va sopr essin (VP ), syn t h esized pr edom in a n t ly in t h e dor som edia l pa r t of t h e SCN (Swa a b et a l., 1975), a ppea r t o be pr esen t in effer en t pr oject ion s t o t h e pr eopt ic a r ea (Wa t t s a n d Swa n son , 1987), t h e r egion t h a t con t a in s t h e m a jor it y of t h e Gn RH -syn t h esizin g n eu r on s in t h e r a t (Wr a y a n d H offm a n , 1986). Recen t ly, we dem onst r a t ed a n in pu t of VIP -con t a in in g, bu t n ot VP -con t a in in g, fiber s on Gn RH n eu r on s in t h e pr eopt ic h ypot h a la m u s of t h e fem a le r a t a t t h e ligh t m icr oscopic (LM) level (Va n der Beek et a l., 1993). By u sin g t h er m ic lesion s of t h e SCN, we h a ve sh own t h a t well over 50% of t h e VIP in pu t on h ypot h a la m ic Gn RH n eu r on s is der ived fr om t h is n u cleu s; t h er efor e, it m a y be in volved in t h e t r a n sm ission of cir ca dia n in for m a t ion fr om t h e SCN dir ect ly t o t h e Gn RH syst em .
Th e pr esen t st u dy wa s design ed t o fu r t h er in vest iga t e t h e exist en ce of a dir ect n eu r on a l con n ect ion bet ween t h e SCN a n d t h e Gn RH syst em a n d t o est a blish t h e m on osyna pt ic n a t u r e of t h is pa t h wa y. To t h is en d, u n ila t er a l in ject ion s of t h e a n t er ogr a de t r a cer P h a L in t h e SCN wer e u sed in com bin a t ion wit h im m u n ocyt och em ist r y for Gn RH a t bot h t h e LM level a n d t h e elect r on m icr oscopic (E M) level.
MATERIALS AND METHODS Animals
A t ot a l of 36 m a t u r e fem a le Spr a gu e-Da wley r a t s (obt a in ed fr om Ch a r les River, Mon t r ea l, Qu ebec; 8-10 weeks of a ge), weigh in g bet ween 190 g a n d 220 g, wer e u sed for t h e LM t r a cin g a n d im m u n ocyt och em ica l st u dies (exp I). An a ddit ion a l 10 a du lt fem a le a n d m a le Spr a gu e Da wley r a t s, weigh in g bet ween 250 g a n d 280 g, wer e u sed for E M st u dies wit h a m odified pr ot ocol (exp II). All r a t s wer e h ou sed u n der a r egu la r ligh t /da r k cycle (12:12 h ou r s ligh t :da r k) in a t em per a t u r e-con t r olled r oom . F ood a n d wa t er wer e a va ila ble a d libit u m .
Iontophore sis of PhaL in the SCN
Th e a n im a ls wer e a n est h et ized wit h In n ova r vet (10 m g flu a n ison a n d 0.135 m g fen t a n ylcit r a t e per m l, 0.1 m l/100 g bodyweigh t i.m .; J a n ssen P h a r m a ceu t ica ls, Beer se, Belgiu m ), a n d u n ila t er a l in ject ion s of t h e lect in P h a L (2.0-2.5%; Vect or La bor a t or ies, Bu r lin ga m e, CA) in Tr isbu ffer ed sa lin e (TBS; 0.05 M Tr is/H Cl con t a in in g 0.9% Na Cl, pH 7.4) wer e pla ced st er eot a ct ica lly in t o t h e SCN (coor din a t es: A-P, 20.8 t o 1.3 m m ; L, 0.2 m m ; V, 9.6 m m ; a ccor din g t o P a xin os a n d Wa t son , 1986). Ion t oph or et ic deposit s wer e m a de wit h a gla ss m icr opipet t e (t ip dia met er 15-30 m m ) by u sin g a posit ive cu r r en t of 6 m A for 10-15 m in u t es t u r n ed on for 5 secon ds a n d off for a n ot h er 5 secon ds, a ccor din g t o Ger fen a n d Sa wch en ko (1984) . F ollowin g su r ger y, a n im a ls wer e h ou sed in dividu a lly a n d wer e killed a ft er a su r viva l per iod of 5-7 da ys.
Tissue proce ssing
An im a ls wer e per fu sed u n der pen t oba r bit a l a n a est h esia (Nem bu t a l; 0.1 m l/100 g body weigh t , i.p.) wit h 100-150 m l h epa r in ized sa lin e followed by 250-500 m l 4% pa r a for m a ldeh yde (PAF ) wit h eit h er 1% a cr olein (exp I) or 15% picr ic a cid a n d 0.2% glu t a r a ldeh yde (exp II) in 0.1 M ph osph a t e bu ffer (P B; exp I, pH 8.6; exp II, pH 7.4) a dded t o it . Th e br a in s wer e r em oved fr om t h e sku ll a n d post fixed in PAF /a cr olein fixa t ive (exp I), or PAF /picr ic a cid fixa t ive wit h ou t glu t a r a ldeh yde (exp II) for 1-2 h ou r s a t r oom t em per a t u r e. Th e post fixa t ion of exp I in clu ded a per iod of 15 m in u t es in a m icr owa ve a t low power wh ile ch illin g on ice a n d wa t er (Bu ijs et a l., 1993). Cor on a l sect ion s (40 µm ) of t h e h ypot h a la m u s, in clu din g t h e dia gon a l ba n d of Br oca (DBB) a n d t h e pr eopt ic a r ea , wer e cu t on a Vibr a t om e a n d collect ed a s fr ee-floa t in g sect ion s in TBS (exp I) or in P B (exp II) pH 7.4.
LM and EM immunocytoche mistry for PhaL and GnRH
Every fifth section containing the SCN was single stained for P h a L t o eva lu a t e t h e size a n d sit e of t h e t r a cer in ject ion . Appr oxim a t ely h a lf of t h e sect ion s fr om a n im a ls wit h t r a cer deposit s in t h e SCN wer e pr ocessed for LM (exp I) or E M (exp II) dou ble la bellin g for P h a L a n d Gn RH . A few a n im a ls wit h spot s pa r t ia lly or com plet ely ou t side t h e SCN wer e pr ocessed for LM dou ble la bellin g a s well.
Sect ion s pr ocessed for LM wer e pr et r ea t ed wit h sodiu m bor oh ydr ide (5 m g/m l for 10 m in u t es) a n d wer e ext en sively wa sh ed in TBS pr ior t o in cu ba t ion . Sect ion s wer e in cuba t ed wit h t h e a n t iser u m a ga in st P h a L (r a ised in goa t ; 1:3,000; Vect or La bor a t or ies) or, for dou ble st a in in g, wer e in cu ba t ed sim u lt a n eou sly wit h t h e a n t iser u m a ga in st P h a L (1:3,000) a n d a n a n t iser u m a ga in st Gn RH (r a ised in r a bbit ; 1:6,000; n o. 20-4; kin dly pr ovided by P r of H .J . Th . Goos, Depa r t m en t of Zoology, Ut r ech t Un iver sit y, Th e Net h er la n ds) bot h dilu t ed in TBS con t a in in g 1% bovin e ser u m a lbu m in (BSA) a n d 0.5% Tr it on X-100 (TBBT). Specificit y of t h e Gn RH a n t iser u m wa s ch ecked on blot a n d h ypot h a la m ic sect ion s by pr ea bsor bin g t h e a n t iser u m wit h h om ologou s a n t igen a ccor din g t o pr ocedu r es descr ibed pr eviou sly (Va n der Beek et a l., 1992). Th is r esu lt ed in a com plet e a bsen ce of st a in in g. In cu ba t ion la st ed for 1 h ou r a t r oom t em per a t u r e a n d wa s followed by in cu ba t ion over n igh t a t 4°C. Im m u n or ea ct ivit y for P h a L wa s det ect ed wit h biot in yla t ed h or se-a n t i-goa t (H a G-bio; 1:400 in TBBT; Vect or La bor a t or ies) for 1 h ou r a t r oom 570 E.M. VAN DER BEEK ET AL.
t em per a t u r e, a n d a vidin -biot in com plex-E lit e (ABC; fin a l dilu t ion of bot h a vidin a n d biot in , 1:1,200 in TBBT; Vect or La bor a t or ies) for 2 h ou r s a t r oom t em per a t u r e. Bet ween in cu ba t ion st eps, sect ion s wer e t h or ou gh ly wa sh ed in TBS. Th e im m u n or ea ct ion wa s visu a lized by in cu ba t ion wit h 0.05% 3,38-dia m in oben zidin e (DAB; Sigm a Ch em ica l Compa n y, St . Lou is, MO) con t a in in g 0.03% H 2 O 2 (Mer ck, Da r m st a dt , Ger m a n y) for 12 m in u t es, wit h 0.2% n ickela m m on iu m su lph a t e (Mer ck) dissolved in it for LM dou ble st a in in g. Su bsequ en t ly, sect ion s for dou ble st a in in g wer e in cu ba t ed wit h biot in yla t ed goa t -a n t i-r a bbit (Ga R-bio; 1:400, Vect or La bor a t or ies) a n d ABC (1:1,000), a s descr ibed a bove. Th e im m u n or ea ct ion wa s visu a lized by in cu ba t ion wit h 0.05% DAB con t a in in g 0.03% h ydr ogen per oxide for 12-20 m in u t es. F in a lly, t h e sect ion s wer e m ou n t ed on glycer in a lbu m in -coa t ed slides (Gu r r, P oole, E n gla n d), dr ied, deh ydr a t ed t h r ou gh gr a ded ser ies of et h a n ol a n d xylen e, followed by em beddin g in Depex (Gu r r ). Sect ion s for E M dou ble la bellin g wer e pr et r ea t ed wit h sodiu m bor oh ydr ide, a s descr ibed a bove. Sect ion s wer e t h en in cu ba t ed wit h a biot in yla t ed a n t iser u m a ga in st P h a L (r a ised in r a bbit ; 1:250; Vect or La bor a t or ies) dilu t ed in P B con t a in in g 1% n or m a l goa t ser u m for 48 h ou r s a t 4°C. Su bsequ en t ly, sect ion s wer e in cu ba t ed wit h ABC (1:500) followed by a DAB r ea ct ion , a s descr ibed a bove. Aft er sever a l r in ses in P B, sect ion s wer e fu r t h er pr ocessed for Gn RH im m u n ocyt och em ist r y wit h a com m er cia l Gn RH a n t iser u m , beca u se pilot exper im en t s wit h t h e r em a in in g m a t er ia l fr om exp I sh owed t h a t t h e Gn RH a n t iser u m u sed for ou r LM st a in in g did n ot st a in a n y n eu r on s a ft er om ission of Tr it on fr om t h e in cu ba t ion m ediu m . Sect ion s wer e in cu ba t ed for 48 h ou r s a t 4°C in Gn RH a n t iser u m (r a ised in r a bbit ; 1:5,000 in P B con t a in in g 0.1% sodiu m a zide a n d 1% n or m a l goa t ser u m ; INCSTAR Cor por a t ion , St illwa t er, MN), followed by 10 n m im m u n ogold-con juga t ed Ga R (1:10 in P B; P olyscien ces, Wa r r in gt on , P E ) for 2 da ys a t 4°C. Su bsequ en t ly, sect ion s wer e post osm ica t ed in 1% osm iu m t et r a oxide in P B for 30 m in u t es, deh ydr a t ed t h r ou gh gr a ded ser ies of et h a n ol u sin g 1% u r a n yl a cet a t e in t h e 70% et h a n ol (30 m in u t es), followed by fla t em beddin g in Ar a ldit e bet ween liqu id r elea se-coa t ed (E lect r on Micr oscopy Scien ces, F or t Wa sh in gt on , PA) slides. E m bedded sect ion s wer e exa m in ed u n der a ligh t m icr oscope, a n d t h e pr eopt ic a r ea wa s dissect ed a n d m ou n t ed on Ar a ldit e blocks. Ult r a t h in sect ion s wer e cu t on a Reich er t -J u n g m icr ot om e, collect ed on F or m va r-coa t ed, sin gle-slot gr ids, a n d exa m in ed u n der a P h ilips CM10 elect r on m icr oscope.
RESULTS

Localization of iontophore tic inje ctions of PhaL
Of t h e 36 in ject ion s of P h a L m a de for LM st u dies, 11 wer e lim it ed t o t h e SCN. Th ese sm a ll in ject ion s la belled cell bodies pr im a r ily loca t ed in t h e ven t r a l pa r t of t h e n u cleu s in six a n im a ls (a n im a ls 44, 52, 54, 59, 66, a n d 71; F ig. 1A) a n d in t h e dor sa l pa r t of t h e n u cleu s in t wo a n im a ls (57 a n d 73; F ig. 1B). La r ger P h a L in ject ion s wit h la belled cells in bot h su bdivision s of t h e SCN wer e obser ved in t wo a n im a ls (46 a n d 47; F ig. 1C). On e a n im a l (51) sh owed a pa r t ia lly bila t er a l deposit of P h a L t h a t wa s st r ict ly lim it ed t o t h e ven t r a l pa r t of t h e SCN ju st a bove t h e opt ic ch ia sm (F ig. 1D).
In sever a l a n im a ls, P h a L-la belled cell bodies wer e loca t ed wit h in t h e r ost r a l-ven t r a l pa r t of t h e SCN a s well a s ju st ou t side t h e SCN in t h e ven t r a l pr eopt ic a r ea (a n im a ls 40, 42, 65, a n d 68). On e a n im a l sh owed P h a L-la belled cells in t h e dor sa l pa r t of t h e SCN a s well a s in t h e r et r och ia sm a t ic a r ea ou t side t h e SCN m or e ca u da lly (a n im a l 64). Six a n im a ls h a d sm a ll P h a L in ject ion s loca t ed com plet ely ou t side t h e SCN, eit h er in t h e per ich ia sm a t ic a r ea su rr ou n din g t h e r ost r a l a n d m edia l pa r t of t h e SCN (a n im a ls 48, 60, 62, 63, a n d 72) or in t h e ven t r a l per iven t r icu la r a r ea (a n im a l 74). In fou r a n im a ls (70, 67, 61, a n d 56) on ly a ver y few SCN n eu r on s wer e filled wit h t h e t r a cer, a n d a lm ost n o t r a n spor t of t h e t r a cer t o r ost r a l a r ea s in t h e br a in wa s det ect ed. Ten a n im a ls sh owed n o la bellin g, pr oba bly beca u se t h e in ject ion s wer e pla ced t oo fa r vent r a l, e.g., below t h e opt ic ch ia sm or in t h e ca vit y of t h e t h ir d ven t r icle. Ma t er ia l fr om t h ese a n im a ls wa s n ot pr ocessed for dou ble st a in in g. Sect ion s fr om t h e a n im a ls wit h in ject ion s pla ced in t h e SCN (n 5 11) a n d fr om a few a n im a ls wit h in ject ion s pa r t ia lly in t h e SCN (a n im a ls 40, 42, 64, a n d 68) or ou t side t h e SCN (a n im a ls 48, 65, 72, a n d 74) wer e pr ocessed for LM dou ble st a in in g for P h a L a n d Gn RH .
Effe re nt proje ctions of the SCN
Th e descr ipt ion of t h e effer en t pr oject ion s of t h e SCN t o t h e a r ea r ost r a l of t h is n u cleu s is ba sed on obser va t ion s in seven a n im a ls wit h sm a ll P h a L in ject ion s in t o t h e SCN (a n im a ls 44, 52, 54, 57, 66, 71, a n d 73). P h a L-IR fiber s wer e det ect ed in a n u m ber of pr eviou sly descr ibed t a r get s of t h e SCN. Sca t t er ed fiber s wer e obser ved in t h e la t er a l ven t r a l pa r t of t h e la t er a l sept a l n u cleu s a n d in t h e ven t r a l pa r t of t h e DBB. F iber s wer e m or e n u m er ou s in t h e r egion of t h e or ga n u m va scu losu m of t h e la m in a t er m in a lis (OVLT) a n d pr eopt ic a r ea (P O), pa r t icu la r ly in t h e per ivent r icu la r pa r t of t h e r ost r a l pr eopt ic a r ea (AvP v), a n d in t h e a n t er ior h ypot h a la m ic a r ea (AH A) ju st a bove t h e opt ic ch ia sm (F ig. 2). Den se fiber plexu ses wer e obser ved in t h e bor der zon e ju st ou t side t h e SCN, i.e., t h e per ich ia sm a t ic a r ea (per i-SCN; see F ig. 1), t h e su bpa r a ven t r icu la r zon e (su b-P VN), t h e P VN n u cleu s of t h e t h a la m u s, a n d t h e con t r a la t er a l SCN (see F ig. 1). P r oject ion s t o t h e P O a n d OVLT r egion , t h e AH A, a s well a s t h e sept a l a r ea wer e bila t er a l bu t wer e less den se a t t h e con t r a la t er a l side t h a n a t t h e ipsila t er a l side of t h e br a in (see F ig. 2). Most P h a L-IR fiber s in t h e a bove-descr ibed r egion s wer e lon g, t h in fiber s wit h widely spa ced va r icosit ies. In a ddit ion , fiber s wit h m or e n a r r owly spa ced va r icosit ies, wh ich sh owed r egu la r br a n ch in g t h a t occa sion a lly for m ed per icellu la r-like st r u ct u r es, wer e obser ved in t h e per i-SCN, t h e con t r a la t er a l SCN, t h e AvP v, t h e AH A, a n d t h e ven t r a l P O (see F ig. 2).
Th e exa ct loca liza t ion of t h e in ject ion in t h e SCN, t h e n u m ber of n eu r on s filled wit h P h a L in t h e SCN, a n d t h e t r a n spor t of t h e t r a cer sh owed la r ge in dividu a l differ en ces. In a n im a ls wit h on ly a few P h a L-IR cell bodies in t h e SCN, n u m er ou s fiber s wer e obser ved in t h e su b-P VN, ju st u n der t h e P VN. P h a L-con t a in in g fiber s wer e a lso n u m er ou s in t h e P O a t t h e ipsila t er a l side bu t wer e less pr om in en t a t the contralateral side. Large injections that filled a substant ia l pa r t of t h e SCN sh owed n ot on ly in t en se in n er va t ion of t h e ipsila t er a l side of t h e br a in bu t , in a ddit ion , sh owed n u m er ou s fiber s a t t h e con t r a la t er a l side in t h e P O a n d OVLT r egion . Th e effer en t pr oject ion s visu a lized in a n im a l 51 (see F ig. 1D), t h e a n im a l wit h a pa r t ia lly bila t er a l in ject ion , wer e m u ch m or e den se t h a n t h ose obser ved in a n im a ls wit h u n ila t er a l in ject ion s. Also, r ost r a lly dir ect ed pr oject ion s in t h is a n im a l wer e m or e even ly dist r ibu t ed t h r ou gh bot h sides of t h e br a in , especia lly in t h e r egion s of t h e OVLT a n d t h e P O. F in a lly, in t h e a n im a ls wit h la r ge in ject ion s in t o t h e SCN (a n im a ls 46 a n d 47; see F ig. 1C), ext en sive pr oject ion s t o t h e ven t r a l sept a l a r ea , t o t h e a r ea a r ou n d t h e OVLT, a n d t o t h e P O a n d AH A wer e visu a lized.
A n u m ber of differ en ces wer e obser ved bet ween in ject ion s loca t ed in t h e ven t r a l pa r t s a n d t h ose in t h e dor sa l pa r t s of t h e SCN. In a n im a ls wit h dor sa lly pla ced in ject ion s, m or e fiber s wer e obser ved in t h e AvP v a n d t h e P O (see F ig. 2). In a ddit ion , t h e pr oject ion t o t h e su b-P VN con t a in ed m or e fiber s close t o t h e t h ir d ven t r icle in t h e per iven t r icu la r n u cleu s.
In t h e a n im a ls wit h in ject ion s t h a t filled n eu r on s in t h e SCN a s well a s a n u m ber of n eu r on s ou t side t h e SCN, m or e fiber s sh owin g ext en sive br a n ch in g wer e fou n d in t h e m edia l P O a n d AH A. In a ddit ion , m or e fiber s wer e fou n d in t h e ven t r a l sept a l n u cleu s a n d t h e ven t r a l pa r t of t h e DBB. Th is la r ger n u m ber of fiber s wa s fou n d a lm ost exclu sively on t h e ipsila t er a l side. Th is pa t t er n of st a in in g wa s a lso obser ved in t h e a n im a ls wit h in ject ion s pla ced in t h e per i-SCN. In a ddit ion , t h ese a n im a ls sh owed pr oject ion s t o t h e ipsila t er a l SCN, wh er ea s a lm ost n o fiber s wer e obser ved in t h e con t r a la t er a l SCN.
Combine d tract tracing and immunocytoche mistry
Gn RH -IR n eu r on s wer e fou n d sca t t er ed t h r ou gh ou t t h e for ebr a in , wit h con cen t r a t ion s of n eu r on s in t h e P O a n d OVLT r egion (see F ig. 2). In t h e a n im a ls wit h t r a cer in ject ion s in t o t h e SCN, P h a L-con t a in in g fiber s wer e fou n d in close a pposit ion t o a n u m ber of Gn RH n eu r on s a t t h e LM level (F ig. 3). Th e in pu t wa s scor ed a s posit ive wh en t h e P h a L-con t a in in g fiber s sh owed on e or m or e va r icosit ies in con t a ct wit h a Gn RH -IR per ika r yon or wit h on e of it s ext en din g den dr it es. Th e P h a L-in n er va t ed Gn RH n eu r on s wer e pr edom in a n t ly loca lized in t h e OVLT a n d P O r egion , in t h e a r ea a dja cen t t o t h e t h ir d ven t r icle ju st below t h e a n t er ior com m issu r e, a n d in t h e r ost r a l pa r t of t h e AH A close t o t h e opt ic ch ia sm . Gn RH n eu r on s loca t ed a bove t h e level of t h e a n t er ior com m issu r e, in t h e DBB, a n d in t h e m or e r ost r a l a r ea s sh owed n o P h a L-IR in pu t .
Gn RH n eu r on s in n er va t ed by P h a L-con t a in in g fiber s wer e r egu la r ly obser ved a t t h e ipsila t er a l side in a ll a n im a ls wit h in ject ion s in t o t h e SCN. Occa sion a lly, cont a ct s of P h a L-IR fiber s wer e seen wit h Gn RH n eu r on s loca t ed a t t h e con t r a la t er a l sit e (see F ig. 2D,H ). Th e P h a L-Gn RH con t a ct s wer e m or e fr equ en t in t h e a n im a ls wit h la r ger in ject ion s, a n d, in t h e a n im a l wit h a bila t er a l deposit (i.e., in a n im a l 51). In t h is a n im a l, 19.8% of t h e F ig. 1. Repr esen t a t ive ph ot ogr a ph s of Ph aseolu s vu lgaris-leu coa gglu t in in (P h a L) in ject ion s in t h e su pr a ch ia sm a t ic n u cleu s (SCN) of fem a le r a t s: An in ject ion t h a t filled n eu r on s loca t ed pr edom in a n t ly in the ventral part (A; a n im a l 54) or pr im a r ily in t h e dor sa l pa r t (B ; a n im a l 57) of t h e SCN, a la r ge P h a L deposit t h a t filled n eu r on s in bot h su bdivision s of t h e SCN (C; a n im a l 46), a n d a pa r t ia lly bila t er a l in ject ion in t h e ven t r a l pa r t of t h e SCN (D ; a n im a l 51). V, ven t r icle; oc, opt ic ch ia sm . Sca le ba r 5 100 µm .
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Gn RH n eu r on s a t t h e a im ed ipsila t er a l side a n d 11.3% of the GnRH neurons at the aimed contralateral side received an input of PhaL-containing fibers, whereas the percentage at either side varied between 1.3% and 11.0% in the animals with smaller unilateral deposits in the SCN. Contacts were also frequently observed in animals wit h in ject ion s in t o t h e per i-SCN, pr edom in a n t ly a t t h e ipsila t er a l side of t h e br a in . Com plet e eva lu a t ion of t h e in t er a ct ion bet ween P h a L a n d Gn RH in a n im a ls wit h P h a L-IR n eu r on s loca t ed in t h e ven t r a l P O (a n im a ls 40, 42, 65, a n d 68) wa s oft en n ot possible, beca u se t h e in t en se blu e-bla ck st a in in g for P h a L masked the GnRH staining in this area. In these animals, h owever, in t er a ct ion of P h a L fiber s wit h Gn RH n eu r on s wa s spa r se a t t h e con t r a la t er a l side of t h e br a in .
In t h e a n im a ls u sed for E M st u dies, t wo ou t of t h e t ot a l of t en P h a L in ject ion s wer e loca t ed wit h in SCN bor der s. Th ese in ject ion s pr im a r ily la belled n eu r on s loca t ed in t h e ven t r ola t er a l por t ion of t h e SCN (see F ig. 1A). At t h e u lt r a st r u ct u r a l level, P h a L im m u n or ea ct ivit y wa s ch a r a ct er ized by a m oder a t e-t o-den se DAB r ea ct ion pr odu ct . Im m u n or ea ct ivit y for Gn RH a ppea r ed a s sm a ll gold pa rt icles over t h e en t ir e cell body. Th e P h a L-con t a in in g a xon s sh owed syn a pt ic in t er a ct ion wit h Gn RH n eu r on s in m a t er ia l select ed fr om t h e P O a n d OVLT r egion in bot h a n im a ls (F ig. 4). P h a L-IR a xon s a lso fr equ en t ly con t a ct ed u n labelled den dr it es a n d cell som a t a a n d r egu la r ly sh owed syn a pt ic specia liza t ion of t h e m em br a n es (da t a n ot sh own ).
DISCUSSION
Th e pr esen t st u dy descr ibes t h e ext en sive r ost r a l pr oject ion s of t h e SCN t o t h e P O, t h e r egion of t h e OVLT, a n d t h e DBB, a r ea s kn own t o con t a in t h e m a jor it y of Gn RHsyn t h esizin g n eu r on s in t h e r a t br a in (Wr a y a n d H offm a n , 1986). Th e syn a pt ic in t er a ct ion of P h a L-con t a in in g fiber s wit h cell bodies a n d den dr it es a t t h e u lt r a st r u ct u r a l level in dica t es t h a t t h ese a r ea s r epr esen t a n im por t a n t t a r get zon e of SCN effer en t s, a s su ggest ed pr eviou sly (Bu ijs et a l., 1993; Wa t t s et a l., 1987). Also, t h e com bin ed t r a cin g of SCN effer en t s a n d t h e im m u n ocyt och em ica l dou ble st a inin g for P h a L a n d Gn RH dem on st r a t e t h e exist en ce of a dir ect n eu r on a l con n ect ion bet ween t h e SCN a n d t h e Gn RH syst em . At t h e LM level, SCN effer en t s wer e in close a pposit ion t o a su bset of Gn RH n eu r on s in a ll a n im a ls wit h P h a L in ject ion s r est r ict ed t o t h e SCN. Most in t er a ct ion wa s obser ved in t h e m edia l P O, ju st ca u da l t o t h e P O close t o t h e t h ir d ven t r icle, a n d in t h e AH A n ea r t h e opt ic ch ia sm , wh er ea s n o LM-in n er va t ion wa s fou n d m or e r ost r a lly. At t h e u lt r a st r u ct u r a l level, we obser ved syn a pses bet ween P h a L-con t a in in g a xon s a n d Gn RH -IR cell bodies.
Th e r esu lt s of t h e t r a cin g exper im en t s wer e st r on gly depen den t on t h e effect ive u pt a ke a n d t r a n spor t of t h e t r a cer by SCN n eu r on s a n d on t h e n u m ber of SCN n eu r on s filled wit h t h e t r a cer. Den sit y of t h e in n er va t ion pa t t er n s in gen er a l a s well a s t h e n u m ber of SCN effer en t s con t a ctin g Gn RH n eu r on s sh owed a con sist en t r ela t ion t o t h e size a n d loca liza t ion of t h e t r a cer deposit . At t h e LM level, Gn RH n eu r on s r eceived con sider a bly m or e in n er va t ion in t h e a n im a ls wit h a la r ger or a bila t er a l deposit of t h e t r a cer. In a ddit ion , t h e con t r a la t er a l side sh owed m or e SCN effer en t s, a n d m or e Gn RH n eu r on s r eceived a n in pu t of t h ese fiber s in t h e a n im a ls wit h P h a L in ject ion s t h a t filled m or e SCN n eu r on s.
Syn a pt ic in pu t on Gn RH n eu r on s is gen er a lly a ccept ed t o be spa r se (J en n es et a l., 1985; Wit kin a n d Silver m a n , 1985), bu t m or e in pu t h a s been fou n d in fem a le r a t s com pa r ed wit h m a les (Ch en et a l., 1990). Ult r a st r u ct u r a l st u dies h a ve su ggest ed even less in pu t on Gn RH n eu r on s in t h e m a le h a m st er (Leh m a n a n d Silver m a n , 1988), wh ich m a y in dica t e t h a t t h e degr ee of in n er va t ion of Gn RH n eu r on s a lso sh ows som e differ en ces bet ween species. Recen t t r a cin g st u dies of SCN effer en t s in OVX fem a le golden h a m st er s, h owever, h a ve a lso r evea led close a ssocia t ion s of SCN effer en t s wit h Gn RH n eu r on s a t t h e LM level (De la Iglesia et a l., 1995). Th e r esu lt s of t h e pr esen t st u dy clea r ly dem on st r a t e t h a t t h e SCN ca n in flu en ce a t lea st a pa r t of t h e Gn RH syst em in t h e r a t t h r ou gh a m on osyn a pt ic pa t h wa y.
Recen t ly, we dem on st r a t ed VIP -con t a in in g fiber s in a pposit ion t o Gn RH n eu r on s in t h e P O a n d OVLT r egion a n d in t h e AH A, a n d lesion st u dies dem on st r a t ed t h a t t h e m a jor it y of t h is VIP -con t a in in g in pu t on Gn RH n eu r on s or igin a t es in t h e SCN (Va n der Beek et a l., 1993). Th e loca liza tion a nd distribution of these VIP-innerva ted GnRH n eu r on s sh ow a st r on g sim ila r it y t o t h a t of t h e P h a Lin n er va t ed Gn RH n eu r on s obser ved in t h e pr esen t st u dy. Most in n er va t ed Gn RH n eu r on s wer e loca lized in t h e P O a n d wer e spa r se m or e r ost r a lly. Th e Gn RH n eu r on s loca lized in t h ese a r ea s a ppea r t o be cr it ica lly in volved in t h e r egu la t ion of t h e pr oest r ou s LH su r ge, a s illu st r a t ed by t h e in du ct ion of t h e pr ot oon cogen e c-fos in t h ese n eu r on s a t t h e t im e of t h e LH su r ge (Lee et a l., 1990). An im por t a n t r ole for t h e VIP in pu t on Gn RH n eu r on s, especia lly du r in g t h e on set of t h e a ft er n oon LH su r ge, h a s been su ggest ed by ou r r ecen t obser va t ion t h a t , du r in g t h e a ft er n oon LH su r ge, c-fos im m u n or ea ct ivit y is pr efer en t ia lly in du ced in t h ose n eu r on s t h a t r eceive a VIP in pu t (Va n der Beek et a l., 1994). In deed, VIP h a s been im plica t ed in t h e r egu lat ion of cyclic LH r elea se in st u dies u sin g in ject ion s of t h is pept ide in t o t h e ven t r a l for ebr a in . VIP in ject ion s elim in a t e (Kim u r a et a l., 1987) or sign ifica n t ly decr ea se t h e E -in du ced LH su r ge in OVX fem a les (Weick a n d St obie, 1992, 1995), depen din g on t h e sit e of a dm in ist r a t ion .
Th e VIP -syn t h esizin g n eu r on s of t h e SCN a r e likely ca n dida t es for t h e en t r a in m en t of cir ca dia n r h yt h m s wit h t h e ligh t -da r k cycle (Alber s et a l., 1992; In ou ye et a l., 1993). Th e effect of ligh t on VIP pr odu ct ion in SCN n eu r on s sh ows som e in t r igu in g sim ila r it ies t o t h e effect of ligh t on t h e occu r r en ce a n d t im in g of t h e LH su r ge. Mor eover, t h ese effect s of ligh t a r e com pa r a ble t o t h e effect s of cen t r a l a pplica t ion of VIP. Con st a n t ligh t (LL) for a per iod of on e ova r ia n cycle in in t a ct r a t s (Wa t t s a n d F in k, 1981a ) a s well a s VIP in ject ion s in t o t h e t h ir d ven t r icle of OVX E -t r ea t ed r a t s (Weick a n d St obie, 1992) con sider a bly r edu ce t h e m a gn it u de of t h e LH su r ge. Lon ger per iods in LL r esu lt in a n ovu la t ion in in t a ct fem a les (Cr it ch low, 1963) a n d elim in a t e t h e E -in du ced LH su r ge in OVX fem a les (Wa t t s a n d F in k, 1981b), wh ich is com pa r a ble t o t h e effect of VIP in ject ion s dir ect ly in t o t h e m edia l P O (Kim u r a et a l., 1987). Ta ken t oget h er, we pr opose t h a t t h e VIP -syn t h esizin g cell popu la t ion of t h e SCN r epr esen t s a likely ca n dida t e for a n eu r on a l sign a l fr om t h e SCN t h a t is in volved in t h e cir ca dia n r egu la t ion of cyclic LH r elea se in t h e fem a le. Th e pr esen ce of da ily pr oest r ou s-like su r ges of LH in OVX E -t r ea t ed r a t s su ggest s t h a t t h is sign a l is expr essed da ily bu t on ly r esu lt s in a n a ft er n oon su r ge of LH wh en cir cu la t in g est r ogen levels a r e eleva t ed (F in k et a l., 1991; Lega n a n d Ka r sch , 1975). In view of t h is, it is of specia l in t er est t h a t h ypot h a la m ic VIP m RNA a n d pept ide con t en t a r e a ffect ed by gon a da l st er oids (Gozes a n d Br en -n em a n , 1989; Ma let t i et a l., 1982) a n d, in a ddit ion , t h a t gon a da l st er oids a ffect t h e on set a n d per iod len gt h of cir ca dia n a ct ivit y r h yt h m s in t h e r a t (Alber s, 1981). In a ddit ion t o t h e m on osyn a pt ic pa t h wa y descr ibed in t h e pr esen t st u dy, ot h er m u lt isyn a pt ic pa t h wa ys m a y be involved in t h e cir ca dia n r egu la t ion of LH r elea se. Su ch a n F ig. 2. Ca m er a lu cida dr a win gs of t h e effer en t pr oject ion s of t h e SCN followin g sm a ll, u n ila t er a l, ion t oph or et ic in ject ion s of P h a L. Th e loca liza t ion a n d dist r ibu t ion of SCN-effer en t pr oject ion s a n d of gon a dotropin-releasing hormone (GnRH) neurons without (circles) and GnRH n eu r on s wit h (a st er isks) a pposit ion of P h a L con t a in in g fiber s a t t h e ligh t m icr oscopica l (LM) level in r epr esen t a t ive sect ion s of t h e dia gon a l ba n d of Br oca (DBB; A,E ), t h e r egion of t h e or ga n u m va scu losu m of t h e la m in a t er m in a lis (OVLT; B,F ), in t h e pr eopt ic a r ea (P O; C,G), a n d in t h e a n t er ior h ypot h a la m ic a r ea (AH A; D,H ). A-D : An im a l 54, wit h a sm a ll t r a cer in ject ion in t o t h e ven t r a l pa r t of t h e SCN in wh ich 6.5% of t h e Gn RH n eu r on s a t t h e ipsila t er a l side of t h e br a in a n d 1.6% of t h e n eu r on s a t t h e con t r a la t er a l side of t h e br a in sh owed in pu t of SCN fiber s. E-H: An im a l 73, wit h a sm a ll P h a L in ject ion in t o t h e dor sa l pa r t of t h e SCN a t t h e con t r a la t er a l side of t h e br a in in wh ich 3.9% of t h e n eu r on s a t t h e ipsila t er a l side of t h e br a in a n d 14.4% of t h e Gn RH n eu r on s a t t h e con t r a la t er a l side of t h e br a in sh owed in n er va t ion of SCN effer en t s a t t h e LM level. LV, la t er a l ven t r icle; OC, opt ic ch ia sm ; 3V, t h ir d ven t r icle; AC, a n t er ior com m issu r e. Sca le ba r s 5 500 µm .
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in t er m edia t e r ole h a s been pr oposed for t h e su b-P VN (Wa t t s et a l., 1989; Weick a n d St obie, 1995) bu t cou ld a lso in volve r ost r a l pr oject ion s of t h e SCN. Th e pr esen t st u dy con fir m ed ea r lier r epor t s sh owin g t h a t t h e r ost r a l m edia l pr eopt ic a r ea , i.e., t h e a n t er oven t r a l per iven t r icu la r r egion , is a n im por t a n t t a r get of SCN effer en t s. Recen t ly, Wa t son et a l. (1995) dem on st r a t ed syn a pt ic in pu t of SCN effer en t s on n eu r on s con t a in in g est r ogen r ecept or s in t h is r egion . Im pla n t a t ion st u dies u sin g a n a n t iest r ogen h a ve dem on st r a t ed t h a t t h is a r ea is essen t ia l for t h e posit ive feedba ck effect s of est r ogen (P et er sen et a l., 1989), a n d lesion s of t h is a r ea block t h e pr eovu la t or y su , 1980) . These data suggest that the timing of preovulatory LH secretion may be regulated at least in part by interaction of SCN projections with steroidsensitive neurons in the anteroventral per iven t r icu la r a r ea .
F igu r e 2 (Con t in u ed.) F ig. 3. P h a L in pu t (blu e-bla ck; a r r owh ea ds) on Gn RH n eu r on s (br own ) a t t h e LM level in t h e P O (a n im a l 46; A), (B) close t o t h e OVLT (a n im a l 52; B ), in t h e P O (a n im a l 51; C), r ost r a l fr om t h e OVLT (a n im a l 51; D ; in se t r epr esen t s t h e sa m e n eu r on a t a h igh er m a gn ifica t ion ), in t h e AH A ju st a bove t h e opt ic ch ia sm (n ot com plet ely in focu s; a n im a l 54; E; in se t r epr esen t s t h e sa m e n eu r on a t a h igh er m a gn ifica t ion ), a n d in t h e P O (a n im a l 57; F ). OC, opt ic ch ia sm . Sca le ba r s 5 20 µm in A-F, 5 µm in in set E .
F ig. 4. In t er a ct ion of fiber s con t a in in g P h a L (3,38-dia m in oben zidin e; DAB) wit h Gn RH n eu r on s (gold pa r t icles; a r r owh ea ds) a t t h e u lt r a st r u ct u r a l level. A,B : Syn a pt ic in pu t (open a r r ows) of P h a Lim m u n or ea ct ive a xon s on t o Gn RH -con t a in in g cell bodies in t h e P O. Sca le ba r s 5 1 µm.
Th e pr esen t st u dy clea r ly in dica t es t h e pr esen ce of a m on osyn a pt ic n eu r on a l con n ect ion bet ween t h e SCN a n d t h e Gn RH syst em in t h e fem a le r a t . Tr a cin g st u dies sh owed t h a t a t lea st 70% of t h e Gn RH n eu r on s pr oject t o t h e por t a l va scu la t u r e (Mer ch en t h a ler et a l., 1989; Wit kin , 1990), wh ich su ggest s t h a t m ost Gn RH n eu r on s a r e n eu r oen docr in e in n a t u r e. In view of t h e r ole of SCN in t h e en t r a in m en t of r h yt h m s t o t h e en vir on m en t a l ligh t -da r k cycle, it is fea sible t h a t t h e pr esen t ly descr ibed m on osyn a pt ic pa t h wa y con st it u t es a n a n a t om ica l su bst r a t e t h a t is in volved in t h e cir ca dia n r egu la t ion of pr eovu la t or y LH r elea se in t h e fem a le r oden t .
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Introduction
An intricate and complex interplay of hypothalamic and peripheral endocrine events controls the cyclic synthesis and secretion of gonadotropin-releasing hormone (GnRH), which in turn, leads to cyclic secretion of luteinizing hormone (LH) from the anterior pituitary. The synchronization of these events is tightly coupled to environmental cues, such as the light/dark cycle, and circulating ovarian hormones, such as estradiol (Wise, 1999 , which is coupled to the stimulatory G-protein (Gs) signal transduction pathway that leads to an accumulation of cAMP (McCulloch et al., 2002) . Interestingly, Chappell et al. (2000) reported that cAMP levels in the anteroventral periven-tricular nucleus (AVPV) exhibit a diurnal rhythm that is markedly analogous to the rhythm of VIP. Third, aging affects the rhythm of VIP in the SCN (Krajnak et al., 1998a) , and suppression of this rhythm in young rats leads to delayed and attenuated LH surges that are strikingly similar to those observed in middleaged (MA) female rats ; van der Beek et al., 1999).
The goal of this study was to determine whether the diurnal rhythm of cAMP in the SCN and rMPN changes with age, and whether attenuation of VIP leads to a disruption of the cAMP diurnal rhythm and concomitant suppression of steroid-induced activation of GnRH neurons.
Materials and Methods
Animals. Young (2-3 months of age) and middle-aged (9 -12 months of age) female Sprague Dawley rats (Zivic-Miller, Penelope, PA) were maintained on a 14/10 hr light/dark cycle (lights on at 0400 h) with food and water available ad libitum. Estrous cyclicity was monitored by daily vaginal lavage for at least 3 weeks before use. Only young rats that exhibited at least two consecutive 4 d estrous cycles and middle-aged rats that exhibited estrous cycles of regular or irregular length (5-8 d) were used. All rats were ovariectomized (OVX; day 0) and implanted subcutaneously with a SILASTIC capsule (0900 h on day 7; Konigsberg Instruments, Pasadena CA) containing either sesame oil or 17␤ estradiol (Sigma, St. Louis, MO) dissolved in sesame oil (180 g/ml; young, 30 mm capsule; middle-aged, 40 mm capsule; 0.062 ϫ 0.125 inches, inner ϫ outer diameter). This estradiol treatment paradigm produces estradiol levels ϳ15 pg/ml by day 2 after implantation (Wise et al., 1981) . Animals were killed 2 d later (day 9) at 0300, 0800, 1200, 1400, 1600, and 1800 h (n ϭ 8 rats/time point/treatment/age). Brains were collected, rapidly frozen, and stored at Ϫ80°C until sectioned. Frozen coronal sections (300 m) through the hypothalamus were mounted on glass slides. Using modified stainless steel needles, the rMPN (17 gauge), SCN (21 gauge), and cortex (17 gauge) were microdissected and stored at Ϫ80°C until processed. The organun vasculosum of the lamina terminalisrMPN contains the subpopulation of GnRH neurons that regulate LH secretion (Swanson, 1987; Petersen et al., 1995) . We chose to examine these areas based on previous work showing that VIP predominately innervates the GnRH neurons in this region and that GnRH neurons that are lateral to these regions were not included (van der Beek et al., 1997; Krajnak et al., 2001) Stereotaxic surgery. Stereotaxic surgeries were performed based on the protocols of and Gerhold et al. (2002) , which are described below. Five days after OVX (day 5), rats were anesthetized with ketamine (49 mg/ml)-xylazine (1.8 mg/ml) and implanted with bilateral guide tubes directed stereotaxically at the SCN (1.5 mm apart; 9 mm in length; 26 gauge; Plastics One, Roanoke, VA). Two days after bilateral guide tube implantation (day 7), VIP antisense or random sequence oligos (0.5 g in 0.5 l of saline per side; Invitrogen, Carlsbad, CA) were infused over a 4 min interval at 0800 h through cannulas implanted bilaterally in the guide tubes. The antisense oligonucleotides were 20 nucleotides in length complementary to the cap site (5Ј-GCTCTGCA-CTACAACCTGAC-3Ј) and translation start site (5Ј-TTGCTTCT-GGATTCCATCTC-3Ј) of the rat VIP mRNA (Giladi et al., 1990) . Control oligonucleotides had the same ATGC content as antisense oligonucleotides but in random order that had no significant homology to any known peptide localized in the SCN. At the same time, rats were implanted with SILASTIC capsules containing estradiol dissolved in sesame oil or sesame oil alone (180 g/ml; 30 mm capsule). Rats were killed 2 d later (day 9) at 43 hr (0300 h), 53 hr (1400 h), and 57 hr (1800 h) after injection. Using this endocrine paradigm, LH surges occur between 1300 and 1900 h, with peak concentrations at ϳ1500 -1600 h (Wise et al., 1981) . In one group, the rMPN, one side of the SCN, and cortex were microdissected as described above and prepared for ELISA to measure cAMP levels. In the second group, antisense and random sequence oligotreated rats as well as a group of middle-aged regularly cycling female rats were transcardially perfused with 4% paraformaldehyde (Sigma), and the brains were removed, sectioned coronally, and stored in cryoprotectant at Ϫ20°C until processed for immunocytochemistry (ICC). The SCN was checked for correct cannulas placement as the brains were sectioned (n ϭ 6 -10 rats/time point/treatment).
cAMP and protein analysis. Tissue samples were homogenized with a Sonic Dismembrator (Fisher Scientific, Houston, TX) in ice-cold 5% trichloroacetic acid (Sigma). Homogenates were centrifuged at 600 ϫ g, and supernatants were removed, placed in microcentrifuge tubes, lyophilized in a Speed-Vac evaporator (Savant Instruments, Farmington, NY), and reconstituted in assay buffer and measured for cAMP (Assay Designs, Ann Arbor, MI). Pellets were resuspended in buffer solution from the cAMP kit. Protein content (10 l of reconstituted homogenates) was determined using the Bradford assay (Bio-Rad, Hercules, CA). Data were expressed as picomoles of cAMP per milligram of protein.
Immunocytochemistry. Coronal brain sections (40 m) were cut in a cryostat (Microm, Kalamazoo, MI) starting at the level of the medial diagonal band of Broca (bregma, 0.20 mm) (Paxinos and Watson, 1997) through the arcuate nucleus (bregma, Ϫ3.80 mm). Each brain was collected in a series of six sets with every sixth section represented in a group and stored in cryoprotectant until processed for ICC. Antibodies against GnRH (LR-1; Benoit, Montreal, Canada) and Fos (Santa Cruz Biotechnology, Santa Cruz, CA) (recognizes Fos and Fra-related antigen) were used to determine activation of GnRH neurons. On day 1, sections from one series that contained every sixth section were rinsed in 0.1 M Trisbuffered saline (TBS) and blocked with 10% normal horse serum (NHS) plus 0.4% Triton X-100 (NHS-X) for 1 hr at room temperature. Next, sections were incubated in goat anti-Fos (1:25,000) in 2% NHS-X overnight at 4°C. On day 2, sections were rinsed in TBS, incubated in biotinylated anti-goat IgG diluted 1:500 in 2% NHS-X for 1 hr at room temperature, followed by incubation in avidin-biotin complex (ABC) (Vectastain kit; Vector Laboratories, Burlingame, CA) in TBS plus 0.4% Triton X-100 for 1 hr at room temperature. Finally, sections were incubated in 0.025% diaminobenzidine (DAB; Sigma) with 0.02% ammonium nickel sulfate (Fisher Scientific) and 0.1 l/ml of 30% hydrogen peroxide in TBS for 10 min at room temperature. After the DAB reaction, sections were rinsed in TBS and then incubated in rabbit anti-GnRH (1:100,000) in 2% NHS-X overnight at 4°C. On day 3, sections were rinsed in TBS, incubated in biotinylated anti-rabbit IgG diluted 1:500 in 2% NHS-X for 1 hr at room temperature, followed by incubation in ABC (Vectastain kit; Vector Laboratories) in TBS plus 0.4% Triton X-100 for 1 hr at room temperature. Finally, sections were incubated in 0.025% DAB (Sigma) with 0.1 l/ml of 30% hydrogen peroxide in TBS for 10 min at room temperature. Each step was followed by rinses in TBS [three rinses in TBS (5 min each)]. Sections were mounted on slides, and coverslips were applied using Permount (Fisher Scientific).
VIP radioimmunoassay total protein in SCN. In antisense-treated animals, the frozen SCN tissue punches were divided into two groups for each animal. One group was used in the cAMP ELISA. The other group was used to determine the concentration of VIP in the SCN tissue punches. Tissue punches were extracted as described above. The pellets were assayed for VIP using a kit (Peninsula Laboratories, Belmont, CA). Total protein in the SCN punches was measured using the DC Protein Assay kit (Bio-Rad). Data were expressed as picograms of VIP per microgram of protein.
Statistical analysis. cAMP levels in the rMPN, SCN, and cerebral cortex were analyzed by Student's t test. VIP concentrations in the SCN were measured by two-way ANOVA followed by Bonferroni's post hoc test for effects of treatment ϫ time interaction. One-way ANOVA followed by Newman-Keuls post hoc tests were performed on cAMP concentrations in antisense and random oligo-treated animals in the rMPN, SCN, and cerebral cortex to test for effects of time. Two-way ANOVA followed by Bonferroni's post hoc test were used to determine the percentage of GnRH expressing compared with all GnRH neurons in antisense and random sequence oligo-treated rats for effects, treatment, time, and treatment ϫ time interactions. All statistics were performed using Prism 4.0 software (Graphpad, San Diego, CA).
Results
cAMP
SCN
In young OVX and OVX rats treated with estradiol (OVX-E 2 ), cAMP levels (picomoles per milligram of protein) in the SCN exhibited a diurnal rhythm (Fig. 1 A) . Regardless of steroidal milieu, cAMP levels were the lowest at 0300 and 0800 h (Fig.  1 A) . By 1200 h, cAMP levels rose and remained high through 1400 h. By 1600 h, cAMP levels returned to baseline and were not significantly different from 0300 and 0800 h. In middle-aged OVX and OVX-E 2 -treated rats, cAMP levels did not exhibit a diurnal rhythm (Fig. 1 B) . rMPN In young rats, cAMP levels (picomoles per milligram of protein) exhibited diurnal rhythms that were similar regardless of steroidal milieu (Fig. 1C) . In OVX rats, cAMP levels were the lowest at 0300 and 0800 h (Fig. 1C) . By 1200 h, cAMP levels rose and peaked at 1400 and 1600 h. By 1800 h, cAMP levels returned to baseline and were not significantly different from 0300 and 0800 h. In OVX-E 2 -treated young rats (Fig. 1C) , cAMP levels were low at 0300 h, 0800 h, and 1200 h, peaked at 1400 and 1600 h ( p Ͻ 0.05), and returned to baseline at 0600 h. In middle-aged rats, cAMP levels did not exhibit a diurnal rhythm in either OVX or OVX-E 2 -treated rats (Fig. 1D) .
Cerebral cortex cAMP (picomoles per milligram of protein) did not exhibit a diurnal rhythm in the cortex, and neither E 2 nor age altered the pattern or level of cAMP ( Fig. 1 E, F ) .
Effects of antisense oligo treatment on VIP concentrations in the SCN
VIP levels (picograms per microgram of protein) in the SCN in random sequence oligo-treated rats displayed a diurnal rhythm (Fig. 2) . VIP concentrations were low at 0300 h (43 hr after injection), significantly greater at 1400 h (53 hr after injection; p Ͻ 0.05), and decreased by 1800 h (57 hr after injection). Treatment with antisense oligo against VIP blocked the VIP rhythm (Fig. 2) .
Effects of antisense oligo treatment on cAMP concentrations in the SCN, rMPN, and cerebral cortex cAMP levels in the SCN and rMPN of control random sequence oligo-treated rats displayed a diurnal rhythm similar to cAMP levels in Figure 1 (Fig. 3A) . In the SCN, cAMP levels in control random sequence oligo-treated rats were lower at 0300 h (Fig.  3A ) and increased at 1400 h ( p Ͻ 0.001). By 1800 h, cAMP levels were significantly decreased compared with 1400 h ( p Ͻ 0.001) but were still more than at 0300 h ( p Ͻ 0.05). Antisense oligo treatment suppressed cAMP levels and abolished the rhythm (Fig. 3A) . In the rMPN, cAMP levels were significantly low at 0300 h and increased at 1400 h ( p Ͻ 0.001) and returned to baseline (Fig. 3B) . Antisense oligo treatment significantly decreased cAMP levels in the rMPN at all time points and abolished the rhythm (Fig. 3B) . Antisense treatment did not significantly affect cAMP levels in the cerebral cortex (Fig. 3C) .
Effects of antisense oligo treatment on GnRH activation in the OVLT and rMPN compared with MA rats
The percentage of GnRH expressing Fos immunoreactivity (IR) in the OVLT (Fig. 4 A) and rMPN (Fig. 4 B) in control random sequence oligo-treated rats was low at 0300 h and rose at 1400 h ( p Ͻ 0.01) and 1800 h ( p Ͻ 0.001). In previous studies, we have established that the LH surge occurs between 1400 and 1800 h. Thus, the expression of Fos within GnRH neurons is an index of activation of these neurons and stimulation of the LH surge. In rats treated with antisense oligos to VIP, the percentage of GnRH neurons expressing Fos-IR in the OVLT and rMPN did not rise at 1400 or 1800 h ( p Ͻ 0.001) (Fig. 4 A, B) . We were interested to determine whether antisense treatment mimicked the level of GnRH activation in middle-aged rats. Therefore, in parallel, we analyzed a group of estradiol-treated middle-aged rats. The percentage of GnRH-expressing Fos-IR was identical to antisense-treated rats and did not show the characteristic afternoon activation that we observed in young rats in either the OVLT (Fig. 5A) or the rMPN (Fig. 5B ).
Discussion
Our study clearly establishes four important points. First, in young rats, cAMP levels exhibit a robust diurnal rhythm in the SCN and rMPN, two brain regions that play crucial roles in the occurrence of cyclic GnRH release. Second, this rhythm in both brain regions disappears by the time rats are middle-aged, a time when cyclic GnRH release and reproductive cycles become irregular. Third, VIP from the SCN appears to drive this rhythm, because suppression of the VIP rhythm abolishes the cAMP rhythm in both brain regions. Fourth, the VIP-driven cAMP rhythm plays a critical role in activating GnRH neurons, because blockade of the VIP rhythm suppresses this activation. Thus, we have established, for the first time, a functional relationship between VIP, cAMP, and GnRH neurons, a pathway that appears to be important in reproductive cyclicity.
The SCN of the hypothalamus is the major circadian pacemaker of the brain and consists of the following: (1) biological oscillators that are endogenous and maintain a self-sustained circadian periodicity in the absence of environmental time cues; (2) input pathways that convey environmental information, especially light cues, that entrain circadian oscillations to local time; and (3) output pathways that drive overt circadian rhythms, such as the rhythms of locomotor activity and a variety of endocrine rhythms (Goldman, 1999) . Ablation of the SCN disrupts virtually all rhythms and leads to the disappearance of cyclic reproductive function in female rodents (Bethea and Neill, 1980) . Our results clearly establish that cAMP rhythms exist in the SCN and rMPN, and that aging involves a waning of these cAMP rhythms in middle-aged rats. These brain regions work in concert to regulate the cyclic synthesis and secretion of GnRH and to induce reproductive behaviors (Wise and Smith, 2001 ). Our findings confirm and extend the previous study by who showed that cAMP levels display a diurnal rhythm in the AVPV. It is particularly intriguing that the disappearance of the cAMP rhythms occur at the same age as previously reported alterations in VIP rhythms in the SCN and in the activation of GnRH neurons, which is required for LH surges to occur (Lloyd et al., 1994; Krajnak et al., 1998a Krajnak et al., , 2001 ; Le et al., 2001 ; Legan and Tsai, 2003) . Therefore, we explored whether these three neurochemicals (VIP, cAMP, and GnRH) are functionally linked.
We asked whether VIP drives the cAMP rhythm. VIP is a logical candidate for several reasons. First, VIP is a major neuropeptide in the SCN and receives retinal projections directly from the retinohypothalamic tract and indirectly from the retinorecipient intergeniculate leaflet via the geniculohypothalamic tract . Second, VIP mRNA and protein exhibit diurnal rhythmicity and are entrained to the light/dark cycle (Shinohara et al., 1993; Krajnak et al., 1998b) . Third, VIP binding to the VPAC 2 receptor activates the Gs pathway leading to the accumulation of cAMP (McCulloch et al., 2002) . Fourth, we have shown that the rhythm in VIP mRNA in the SCN disappears during middle age Figure 3 . A, cAMP levels (picomoles per milligram of protein) in the SCN of rats treated with random sequence oligos exhibit a diurnal rhythm, whereas treatment with antisense oligos disrupts the cAMP diurnal rhythm. B, cAMP levels (picomoles per milligram of protein) in the rMPN of rats treated with random sequence oligos exhibit a diurnal rhythm, whereas treatment with antisense oligos disrupts the cAMP diurnal rhythm. C, cAMP levels in the cortex do not exhibit diurnal rhythms, regardless of treatment. Symbols indicate levels of significance between time points (*p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001) and between treatments ( ## p Ͻ 0.01; ### p Ͻ 0.001). ( Krajnak et al., 1998a) , at the same age we observed the disappearance in cAMP rhythms in the current study. VIP dynamics are sexually dimorphic and play essential roles in cyclic reproductive function in females. The number of VIP boutons that terminate on GnRH neurons and the percentage of GnRH neurons contacted by VIP axons are greater in female rats than in male rats . Krajnak et al. (1998b) showed that the rhythm of VIP mRNA in the SCN of females is 12 hr out of phase with that of male rats. In females, peak VIP mRNA occurs during the early afternoon of the light phase, whereas in males, peak VIP mRNA and protein occur in the middle of the dark phase. This sexually dimorphic pattern of VIP activity gave rise to the speculation that VIP neurons are critical in conveying circadian information to GnRH neurons and may indicate the involvement of VIP in the sex-specific regulation of GnRH release in rats.
To test whether VIP drives the cAMP rhythm, we administered antisense oligos to VIP into the peri-SCN region of young rats. This treatment had three effects: (1) it suppressed the concentrations of VIP in the SCN, replicating the effects that we observed previously ; (2) it abolished the rhythm of VIP peptide expression; thus, both the concentration and absence of rhythmicity mimicked the profile normally observed in MA rats (Krajnak et al., 1998a) ; and (3) it suppressed cAMP rhythms in the SCN and rMPN, a profile that strikingly resembles the MA rats. Thus, we conclude that VIP may be the stimulus of the cAMP rhythms and that inducing an aging like profile in VIP leads to an equivalent aging-like profile in cAMP.
Finally, we tested whether the VIP-driven cAMP rhythm is functionally related to the activation of GnRH neurons. We tested this hypothesis based on several lines of experimental evidence: (1) VIP fibers from the SCN innervate GnRH neurons (van der Beek et al., 1997; Horvath et al., 1998); (2) GnRH neurons express the VPAC 2 receptors (Smith et al., 2000); and (3) GnRH neurons that are closely apposed to VIP fibers preferentially express Fos, an index of activity (Krajnak et al., 2001 ). We show that injections of VIP antisense oligos into the SCN decreased the level of estradiol-induced Fos activation in GnRH neurons in the OVLT and rMPN in the afternoon at a time when we observed elevated GnRH activation in young rats. This antisense-induced suppression of GnRH neuronal activation is similar to what we observed in middle-aged rats and suggests that although VIP innervation of GnRH neurons does not change with age (Krajnak et al., 2001 ), the SCN itself may not be functioning properly to activate GnRH neurons.
Our results clearly demonstrate that an aging-like pattern of VIP in the SCN leads to an aging-like profile in cAMP rhythms in the SCN and may lead to an aging-like profile in cAMP rhythms in the rMPN, which in turn may lead to an aging-like suppression of GnRH neuronal activation. Our findings add to the increasing body of evidence that aging results in fundamental changes in the SCN because of the following: (1) The AVPV, OVLT, and rMPN play critical and interactive roles regulating cyclic GnRH-LH surges. The AVPV serves as a nodal relay station where information on steroidal milieu is communicated to GnRH neurons Simerly, 1998; Simonian et al., 1999) . We show that the SCN sends circadian signals directly to the OVLT and rMPN areas of the brain that contain a subpopulation of GnRH neurons that are dedicated to regulating the cyclic timing of GnRH-LH surges. Both the steroidal and circadian information converging on GnRH neurons are necessary but not sufficient by themselves to induce GnRH-LH surges. We demonstrate how age leads to deterioration in the circadian signal that is relayed to GnRH neurons and how this circadian signal is important in the timing of the GnRH-LH surges. Our microdissected punches contained the AVPV, rMPN, and preoptic area (POA). Thus, it is possible that inputs from the POA could affect GnRH activation. However, because we reduced cAMP and the level of activation of GnRH neurons with the VIP antisense oligo treatment, we conclude that VIP from the SCN is necessary for the timing of the LH surge but not sufficient to induce a LH surge. In summary, we have established a functional relationship between VIP in the SCN and GnRH neurons in the rMPN that is mediated through the cAMP pathway. These data suggest that VIP is a key messenger from the SCN that communicates timeof-day information to GnRH neurons. Thus, maintenance of the normal rhythm of VIP is of great importance to the synchronization of the SCN with GnRH neurons. Additionally, we have uncovered that aging affects this pathway and may be one component that contributes to the gradual deterioration of reproductive cyclicity in aging females. Subtle changes in the ability of the biological clock to drive reproductive rhythms in middle-aged rats may underlie the transition to acyclicity and decline in reproductive function. Thus, these findings demonstrate the crucial role the SCN plays in coordinating the timing of GnRH-LH surges and reproduction. G NRH NEURONS FORM the final common neural pathway regulating reproduction. At the end of the follicular phase of the female reproductive cycle (proestrus in rodents), the balance of feedback effects of the steroid hormone estradiol on the GnRH neuronal system switches from negative to positive, causing a large surge in GnRH release (1-3), which appears to be driven by increased GnRH neuron firing activity (4) . The GnRH surge causes a surge of LH release by the gonadotropes of the anterior pituitary, triggering ovulation. In addition to estradiol, a circadian timing system also appears critical for the surge in some species. In rodents, the surge is dependent on not only estradiol feedback but also a daily neuronal signal that times the surge to an appropriate time of day (i.e. late afternoon in nocturnal species) (4 -7). The circadian influence may extend to humans as the LH surge tends to begin in the early morning in women (8) .
The most likely source of a diurnal or circadian signal is the central mammalian circadian pacemaker in the suprachiasmatic nuclei (SCN). The LH surge is abolished by lesions of the SCN (9) , and SCN cells express the neuronal activation marker c-fos during the LH surge (10) . One candidate neuromodulator that may mediate SCN-GnRH signals is vasoactive intestinal polypeptide (VIP). VIP neurons in the SCN provide a direct SCN-GnRH neuron connection (11, 12) . Furthermore, approximately 40% of GnRH neurons in the rat express VIP 2 receptor protein on proestrus (13) . VIP may also participate in an indirect SCN-GnRH connection via the anteroventral periventricular area (AVPV), which expresses VIP receptors (14) and projects directly to GnRH neurons (15, 16) .
The effects of VIP on the GnRH/LH surge are unclear. VIP infused into the third ventricle inhibits the LH surge in ovariectomized, estradiol-treated (OVXϩE) rats treated with progesterone (17) . Conversely, blocking VIP action by intracerebroventricular administration of a VIP antiserum or direct SCN injection of VIP antisense oligonucleotides causes a significant delay in the time course and a strong reduction of the magnitude of the LH surge in OVXϩE rats (18, 19) . There is a greater degree of expression of c-fos, a marker of neuronal activity, in GnRH neurons innervated by VIPergic fibers than in noninnervated GnRH neurons during the LH surge (20) , suggesting VIP has a permissive effect on GnRH neuron activation. A controversy thus exists with regard to the effects of VIP on the surge. Here we examined the effects of VIP on the firing activity of GnRH neurons using an established mouse model that exhibits daily LH surges after ovariectomy and constant estradiol replacement (4) . To begin to examine the roles synaptic afferents may play in mediating the response to VIP, we performed recordings in both coronal and sagittal slices. Our results suggest that VIP can excite GnRH neurons and that this effect is dependent on both estradiol treatment and time of day.
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Recordings
Targeted single-unit extracellular recordings (loose patch) were used in this study because this configuration allows recording with minimal impact on the behavior of the recorded cell (23, 24) . Recordings were performed during negative feedback (1100 -1400 h), surge onset (1400 -1600), and surge peak (1600 -1900). Recording pipettes (1-3 m⍀) were filled with normal HEPES-buffered solution (23, 24) , and low-resistance (Ͻ50 m⍀) seals were formed between the pipette and the recorded GnRH neuron. Recordings were made in voltage-clamp mode with the pipette holding potential at 0 mV and signals were filtered at 10 kHz. Experiments were performed using an EPC 8 amplifier (HEKA Electronics, Lambrecht/Pfalz, Germany) with the Pulse Control XOP (Instrutech, Port Washington, NY) running in Igor Pro software (WaveMetrics, Lake Oswego, OR) on a G4 Macintosh computer. Signals were digitized at 16-bit resolution through an ITC-18 acquisition interface (Instrutech). The location of each GnRH neuron studied was mapped on figures of sections obtained from a mouse brain atlas (25) . Cells targeted for recording were largely within the midventral preoptic area, and no effect of cell location on response was observed.
In vitro treatments of VIP (100 nm) or a VIP receptor antagonist (VIP 6 -28; Bachem, King of Prussia, PA; 100 nm) were applied via the bath recording solution. Up to three cells per animal and only one cell per slice were recorded. Cells were recorded for 20 -25 min: a 5-to 10-min baseline period in control NS, followed by a 5-min drug application and a 10-min washout. The last 3 min of each recording condition were used in data analyses to allow time for exchange of bath solutions. If no firing was observed during recording, 15 mm KCl was added to the bath solution to depolarize cells and induce firing for confirmation of recording integrity and cell health. If no firing occurred with KCl treatment, the data were discarded.
Data analysis
For simplicity we used the terms, firing rate or firing activity, to refer to currents recorded extracellularly. Action currents (events), the membrane currents associated with action potential firing, were detected using Event Tracker software in Igor Pro (WaveMetrics). For each event, the time of the event Ϯ 5 msec centered on the event was recorded and stored to a digital file. Events were detected off-line using custom programs in Igor Pro (23) and binned at 30-sec intervals. Binned data were transferred to Excel (Microsoft) and InStat (GraphPad, San Diego, VA) for further analysis. Mean firing rate (Hertz) was calculated by dividing the total number of events over the duration of recording. Due to the high degree of variability in baseline GnRH neuron firing rate, the response of each cell compared with its own baseline was used in analyses. A cell was considered to respond if it showed at least a 40% change in firing with drug treatment, compared with baseline. The frequency of events before and during VIP or antagonist application was compared using paired t tests. Basal firing rate of responder cells vs. nonresponder cells was compared using Mann-Whitney tests. Statistical significance was set at P Ͻ 0.05.
Results
Response of GnRH neurons from OVXϩE mice to VIP is dependent on time of day
If VIP is a component of a circadian signal, the effects of VIP on GnRH neurons may be regulated by time of day. To test this, the firing of GnRH neurons in coronal slices from OVXϩE mice (which show daily LH surges) was recorded before, during, and after application of VIP (100 nm). Recordings were performed during negative feedback (1100 -1400 h), surge onset (1400 -1600 h), and surge peak (1600 -1900 h). During negative feedback, five of six cells (83%) did not respond (Fig. 1, A and B) . In contrast, VIP increased firing in nearly half of OVXϩE cells recorded at surge onset (46%, n ϭ 6 of 13) (Figs. 1, A and C, and 2) ; the remaining cells did not respond. In responding cells, the percentage increase in firing was 673 Ϯ 318% (P Ͻ 0.05 vs. pre-VIP levels) (Fig. 2) . Baseline mean firing rate during surge onset was not significantly different from mean firing rate during negative feedback, largely because seven of the 13 cells showed very low levels of firing (0 -0.01 Hz), likely due to variability in the time of transition from negative feedback to surge onset. Basal firing rate, however, did not affect the rate of response to VIP during surge onset because it was not significantly different between responders and nonresponders (responders, 0.18 Ϯ 0.1 Hz vs. nonresponders, 0.07 Ϯ 0.04 Hz, P Ͼ 0.25). Of note, this rate of response corresponds well with the percentage of GnRH neurons in the rat that express receptors for VIP (13) . During the surge peak, the rate of response to VIP was reduced because only four of 14 cells (27%) showed a change in firing; furthermore, the direction of response was not consistent with two cells increasing and two cells decreasing firing rate (Figs. 1, A and D, and 2 ). VIP can thus excite GnRH neurons from OVXϩE mice, but this effect appears limited to specific times of day.
The orientation of brain slice preparation may affect the response to drug application because different populations of synaptic afferents are maintained in different orientations. For example, ␥-aminobutyric acid (GABA) transmission to GnRH neurons during surge peak is affected by slice orientation (26) , and other forms of neurotransmission may be altered as well. To examine whether the response to VIP during surge peak is dependent on maintenance of specific afferent connections, the effect of VIP on firing of GnRH neurons in sagittal slices from OVXϩE mice was tested. Sagittal slices are of interest because they can contain both the SCN and GnRH neurons and thus may preserve endogenous SCN-GnRH pathways. They also can contain the AVPV, a known target of VIP that subsequently projects to GnRH neurons and is thus poised to convey transsynaptic signals. Similar to the data in coronal slices during surge peak, eight of 15 cells (53%) did not respond to VIP. Of the remaining cells, five (33%) increased firing and two (13%) decreased firing. Although this indicates no net response across the population of cells tested (Fig. 2) , the change in firing in those cells that showed an increase was 159 Ϯ 44%, indicating a substantial subpopulation of GnRH neurons in sagittal slices can respond to VIP with an increase in firing rate during surge peak.
Estradiol is required for a response to VIP
Estradiol is required for surge generation (4 -6). We thus hypothesized that estradiol is required for a response to VIP. To test this, the effects of VIP on cells from OVX mice that were not treated with estradiol were examined. The vast majority of OVX cells (n ϭ 9 of 10) did not respond to VIP application either during times corresponding to negative feedback or surge onset in OVXϩE-treated animals (negative feedback, control 0.04 Ϯ 0.02 Hz vs. VIP 0.01 Ϯ 0.01 Hz, n ϭ 5 cells, P Ͼ 0.25; surge onset, control 0.06 Ϯ 0.05 Hz vs. VIP 0.06 Ϯ 0.06 Hz, n ϭ 5 cells, P Ͼ 0.72) (Fig. 3) . Thus, estradiol is required for a GnRH neuron response to VIP, just as it is for the expression of diurnal changes in GnRH neuron firing activity (4).
Endogenous VIP can excite GnRH neurons during the GnRH/LH surge
The reduced rate of response to VIP during surge peak (when OVXϩE cells show an elevated level of firing activity) could be at least partially due the presence of VIP in the slice from an endogenous VIP input, in which case exogenously applied VIP would likely have no effect. To examine whether GnRH neurons receive an excitatory endogenous VIP input during the surge peak, the effect of a VIP receptor antagonist (100 nm) on GnRH neuron firing rate was tested in OVXϩE cells in sagittal slices. VIP antagonist application reversibly decreased firing in four of nine cells (44%) (Fig. 4) . This percentage is similar to that which was excited by VIP application around the time of surge onset, and the percentage of cells expressing VIP receptors (13) . In the cells that responded, the average decrease was 67 Ϯ 15% (P Ͻ 0.05). Basal firing rate did not affect the rate of response to VIP receptor antagonism as firing rate was not significantly different between responders and nonresponders (responders, 0.99 Ϯ 0.31 Hz vs. nonresponders, 0.88 Ϯ 0.22 Hz, P Ͼ 0.73). In coronal slices, which do not contain SCN cell bodies, the response to VIP antagonist was weak. Although a similar percentage of cells did not respond to antagonist as in sagittal slices (58%, eight of 14), there was not a consistent direction of change in cells that did change firing at the time of drug application. Specifically, three increased firing and three de- creased firing, averaging out to no net response across the population of cells tested (P Ͼ 0.5; Fig. 4) . Thus, the response to VIP antagonism appears dependent on the maintenance of connections from the SCN within the brain slice preparation. These data suggest endogenous VIP may play a role in increasing GnRH neuron firing during the surge in a substantial subpopulation of GnRH neurons.
Discussion
In some species, input from the circadian timing system appears to be critical in the regulation of reproduction, particularly in the neural control of the ovulatory process. The precise nature of this input is poorly understood. Previous studies examining the effect of VIP or VIP antagonism in rats have been inconclusive, with some indicating an inhibitory effect and others indicating an excitatory effect (17) (18) (19) . Because measurement of GnRH levels in mice are problematic because of low peptide levels, we used electrophysiological techniques to assess the effects of VIP on the activity of GnRH neurons in brain slices. Here we present evidence supporting a role for VIP in driving increased firing of a substantial subpopulation of GnRH neurons during the GnRH surge. The effects of VIP on GnRH neurons are dependent on both estradiol feedback state and time of day, two elements that are essential in surge regulation, at least in rodent species (4 -6) . Thus, VIP is a candidate as a component of the daily neuronal signal that is required for surge generation.
Based on these results, we postulate that both estradioland time-of-day-dependent gates must be open to allow for VIP excitation of GnRH neurons (Fig. 5) . Without estradiol, VIP is blocked from exerting an effect on the activity of GnRH neurons (Fig. 5A) . Estradiol opens this gate, but a second, time-of-day-dependent gate is closed during negative feedback (Fig. 5B) , preventing VIP action on GnRH neurons. The time-of-day-dependent gate opens near the time of surge onset, allowing for effects of exogenously applied VIP (Fig.  5C ). This gate remains open during the surge peak, but at this time, GnRH neurons are already receiving an endogenous VIP input, so the response to exogenously applied VIP is at least partially occluded (Fig. 5D) . The SCN are a strong candidate source of a daily signal required for surge generation. Lesions of the SCN eliminate both the LH surge and ovulation (9) . SCN grafts capable of restoring locomotor rhythmicity do not restore LH surges in OVXϩE hamsters (27) , indicating that a neural, rather than humoral, SCN output may be required for LH surge generation. Furthermore, anatomical studies have indicated the presence of ipsilateral, direct SCN-GnRH neuron connections (10, 11, 28, 29) . VIP is synthesized in the ventrolateral portion of the SCN, which receives retinal information about external light conditions both directly (30, 31) and indirectly (31) , and VIP fibers are found in the vicinity of GnRH neurons (11, 12, (32) (33) (34) . VIP is therefore a prime candidate for transmitting information about the external light-dark cycle to GnRH and other neurons.
Generation of the daily signal (or signals) may be independent of steroid hormones (35) , but estradiol is required to couple circadian input to the GnRH system (4 -6); integration of estradiol feedback and circadian signals is thus crucial for proper surge regulation. The ␣-isoform of the estradiol receptor (ER) is required for surge generation (36, 37) . Although ER␣ expression has been found in the human SCN, with higher expression in females (38) , it has not been detected in the rodent SCN (39) . The SCN receives projections from cells expressing ER␣ (40) , however, providing a pathway for indirect actions of estradiol on the SCN. The AVPV appears to be a site of convergence of circadian and estradiol signals because these cells express ER␣, receive inputs from the SCN, and project directly to GnRH neurons (15, 16, 41, 42) . The increased percentage of GnRH neurons excited by VIP during surge peak in sagittal slices, compared with coronal slices, in the present study may indicate VIP acts through afferent pathways that are maintained in a sagittal, but not a coronal, slice preparation, such as connections from the AVPV and SCN. VIP receptor expression in the preoptic area appears to be largely confined to GnRH neurons and the AVPV (13, 14) , suggesting that VIP action within the preoptic area is primarily involved in the control of reproduction. The requirement for both estradiol treatment and a particular time of day for a GnRH neuron response to VIP is consistent with a possible role for this neuropeptide in transmitting successful pre-or post-SCN convergence of estradiol feedback and circadian signals to GnRH neurons.
Alterations in GnRH neuron responsiveness to VIP provide a potential point of integration of circadian and estradiol signals directly at the level of the GnRH neuron. The percentage of GnRH neurons in the rat immunoreactive for VIP 2 receptor protein does not appear to change during the day of proestrus (13) . Other changes, such as alterations in receptor expression or binding and activation properties, may alter the responsiveness of GnRH neurons to VIP. Future work is needed to examine whether these mechanisms play a role and display an estradiol and/or circadian dependence. Estradiol increases GnRH neuron electrical excitability (43, 44) , which may increase the response of GnRH neurons to depolarizing input such as VIP, providing a possible level of integration of these signals directly at the GnRH neuron.
The data presented here add to the growing body of evidence for widespread effects of VIP on neural function through changes in both neurotransmission and intrinsic properties of target cells. VIP can activate a hyperpolarization-activated cation current in thalamocortical neurons (45) , reduce the amplitude of the Ca 2ϩ -dependent K ϩ current mediating the slow afterhyperpolarization current in hippocampal pyramidal neurons (46) , and inhibit Ca 2ϩ currents in sympathetic neurons of the rat pelvic ganglia (47) . In cultures of hippocampal neurons, VIP increases GABA transmission (48) . VIP also stimulates brain-derived neurotrophic factor mRNA transcription and c-fos expression in primary cultures of mouse cortical neurons (49, 50) . With regard to GnRH neurons, VIP may act directly on these cells through the VIP 2 receptor (13) and/or indirectly through other neurons (14) or glial elements (51) . VIP may also act within the SCN to modulate GnRH-targeting outputs, such as through changes in intra-SCN GABA transmission (52) . In the present studies, synaptic transmission within the brain slice network was kept intact to minimize disruption to the input pathways through which VIP may act on GnRH neurons; thus, both intrinsic and synaptic effects may contribute to the observed action of VIP.
The function of GnRH neurons can be regulated both by neuromodulators and fast synaptic transmission, which in GnRH neurons is mediated by GABA and glutamate acting through ionotropic receptors (22, 53) . GABA A receptor activation can excite adult GnRH neurons (54 -56) , although inhibitory actions have also been suggested (57, 58) . Recent work has indicated a role for GABAergic mediation of estradiol feedback in surge regulation. Specifically, estradiol decreases GABA transmission to GnRH neurons during negative feedback but increases it during positive feedback (26) . Further, the SCN appears to be a potential source of increased GABA transmission because disrupting inputs from the SCN to GnRH neurons in a slice preparation lowers the frequency of GABA transmission during positive feedback (26) . VIP colocalizes with GABA in the SCN, and it is possible that increased GABA transmission during the surge may reflect increased co-release of GABA and VIP. Preliminary data suggest similar diurnal changes in glutamate transmission to GnRH neurons in OVXϩE mice, with low glutamate transmission during negative feedback and increased transmission during positive feedback (59) .
The importance of fast synaptic transmission in surge generation is demonstrated by the disruptive effects of blocking ionotropic GABA and glutamate receptors on estradiol negative and positive feedback effects on GnRH neurons. This treatment reverses some, but not all, diurnal changes in GnRH neuron firing activity (60) . If the GnRH surge were dependent solely on fast synaptic transmission, the reversal should be complete. This suggests that in addition to fast synaptic transmission, neuromodulators [such as VIP, vasopressin (61-63), or kisspeptin (64) ] likely also play a significant role in regulating GnRH neurons in different estradiol feedback states. Given the importance of the surge for ovulation and reproductive success, multiple signals may regulate diurnal changes in GnRH neuron firing activity. Only a portion of the GnRH surge itself is required to generate an LH surge, providing a further safety net. This redundancy likely accounts for fertility in VIP and VIP receptor knockout animals (65, 66) as well as the maintenance of increased GnRH neuron firing activity during surge peak in coronal slices (4), which do not contain SCN cell bodies and, as shown in the present data, lack an endogenous VIPergic input.
In summary, VIP can excite GnRH neurons, and this effect is dependent on both estradiol feedback and time of day. Alterations in VIP release, along with other neuropeptides and fast synaptic transmission, are thus poised to play a critical role in regulating the diurnal and estradiol-dependent changes in GnRH neuron firing that appear to underlie surge generation.
